We have investigated the effect of the interaction of the antimicrobial peptide gramicidin S (GS) on the thermotropic phase behavior of model lipid bilayer membranes generated from the total membrane lipids of Acholeplasma laidlawii B and Escherichia coli. The A. laidlawii B membrane lipids consist primarily of neutral glycolipids and anionic phospholipids, while the E. coli inner membrane lipids consist exclusively of zwitterionic and anionic phospholipids. We show that the addition of GS at a lipid-to-peptide molar ratio of 25 strongly promotes the formation of bicontinuous inverted cubic phases in both of these lipid model membranes, predominantly of space group Pn3m. In addition, the presence of GS causes a thinning of the liquid-crystalline bilayer and a reduction in the lattice spacing of the inverted cubic phase which can form in the GS-free membrane lipid extracts at sufficiently high temperatures. This latter finding implies that GS potentiates the formation of an inverted cubic phase by increasing the negative curvature stress in the host lipid bilayer. This effect may be an important aspect of the permeabilization and eventual disruption of the lipid bilayer phase of biological membranes, which appears to be the mechanism by which GS kills bacterial cells and lysis erythrocytes. ß
Introduction
Gramicidin S (GS) is a cyclic decapeptide of primary structure (cyclo-(Val-Orn-Leu-D-Phe-Pro) 2 ) (see Fig. 1 ) ¢rst isolated from Bacillus brevis [1] . This peptide shows potent antibiotic activity against a broad spectrum of both Gram-negative and Grampositive bacteria as well as several pathogenic fungi (see [2^5] ). Unfortunately, GS is rather non-speci¢c in its actions and exhibits appreciable hemolytic as well as antimicrobial activity, thus restricting the use of GS as an antibiotic to topical applications (see [2, 3] ). However, recent work has shown that structural analogs of GS can be designed with markedly reduced hemolytic activity and enhanced antimicrobial activity, suggesting the possibility that appropriate GS derivatives may be used as potent oral or injectable broad-spectrum antibiotics [4, 5] .
GS has been extensively studied by a wide range of physical techniques (see [2, 3] ) and its three-dimensional structure is shown in Fig. 1 . In this minimum energy conformation, the two tripeptide sequences Val-Orn-Leu form an antiparallel L-sheet terminated on each side by a type IIP L-turn formed by the two D-Phe-Pro sequences. Four intramolecular hydrogen bonds, involving the amide protons and carbonyl groups of the two Leu and two Val residues, stabilize this rather rigid structure. Note that the GS molecule is amphiphilic, with the two polar and positively charged Orn side chains and the two D-Phe rings projecting from one side of this molecule, and the four hydrophobic Leu and Val side chain projecting from the other side. Moreover, the amphiphilic nature of GS is crucial for the manifestation of its antimicrobial activity [6, 7] . A number of studies have shown that this conformation of the GS molecule is maintained in water, in protic and aprotic organic solvents of widely varying polarity, and in detergent micelles and phospholipid bilayers, even at high temperatures and in the presence of agents which often alter protein conformation (see [2, 3] ).
Considerable evidence exists that the principal target of GS is the lipid bilayer of bacterial or erythrocyte membranes (see [2, 3, 8] ). Therefore, a number of biophysical studies have been carried out on the effect of GS on the structure and physical properties of phospholipid bilayer model and biological membranes (for a review, see [8] ). There is a general consensus that GS partitions strongly into the biologically relevant liquid-crystalline (L K ) phase of lipid bilayers and is located primarily near the glycerol backbone region of the phospholipid molecule, where it interacts with the lipid polar headgroups and the upper regions of the lipid hydrocarbon chains. The presence of GS seems to further disorder liquid-crystalline bilayers and, at su¤ciently high concentrations, may destroy the lipid bilayer structure. The presence of GS at lower concentrations also increases the permeability of model and biological membranes and at higher concentration causes membrane lysis and solubilization. Finally, GS seems to interact more strongly with anionic than with zwitterionic or uncharged phospho-or glycolipid bilayers and the interaction of GS with these model membranes is reduced by the presence of cholesterol [8] .
We have recently shown that GS can also alter the lamellar/non-lamellar phase preferences of some phospholipid and glycolipid molecular species [9] . Speci¢cally, we examined the interactions of GS (lipid/peptide ratio 25:1) with a variety of single-component lipid bilayers, and with membrane polar lipid extracts of Acholeplasma laidlawii B and Escherichia coli, by 31 P-NMR spectroscopy and X-ray di¡rac-tion. For mixtures of GS with lipids such as phosphatidylcholine (PC), phosphatidylserine (PS), cardiolipin, and sphingomyelin, axially symmetric 31 P-NMR lamellar phase powder patterns are observed throughout the entire temperature range examined (0^90³C). However, with mixtures of GS with either phosphatidylethanolamine (PE), phosphatidylglycerol (PG), or a non-lamellar phase-forming phosphatidylcholine, axially symmetric 31 P-NMR powder patterns are also observed at low temperatures. However, at high temperatures, an isotropic component is observed in their 31 P-NMR spectra, and the relative intensity of this component increases signi¢- cantly with temperature and with GS concentration. Once formed at high temperatures, this isotropic component exhibits a marked cooling hysteresis and in most cases disappears only when the sample is recooled to temperatures well below the lipid hydrocarbon chain-melting phase transition temperature. We also showed that GS induces the formation of isotropic components in the 31 P-NMR spectra of heterogeneous lipid mixtures such as occur in A. laidlawii B and E. coli membranes. These observations suggest that GS induces the formation of cubic (Q) or other three-dimensionally ordered inverted nonlamellar phases when it interacts with some types of lipid bilayers, a suggestion strongly supported by our X-ray di¡raction studies. Moreover, we found that the capacity of GS to induce the formation of such phases increases with the intrinsic non-lamellar phase-preferring tendencies of the lipids with which it interacts.
The appearance of an isotropic signal in the 31 P-NMR spectrum of aqueous phospholipid dispersions is observed for fast tumbling lipid aggregates, like small unilamellar vesicles and micelles, or for Q or other three dimensionally ordered inverted non-lamellar phases. As 31 P-NMR spectroscopy cannot distinguish between these putative lipid^peptide aggregates due to their fast tumbling in respect to the 31 P-NMR time scale (e.g. [10, 11] ), these lipid aggregates were further studied by X-ray techniques. Prenner et al. [9] found that isotropic 31 P-NMR spectra are observed at high temperatures. Moreover, a mixture of dimyristoylphosphatidylethanolamine^GS, exhibited very weak re£ections in addition to strong lamellar Bragg re£ections at temperatures higher than 85³C. The probable existence of an inverted Q phase in the form of two gyroid lattices with a basis of 13.1 and 15.3 nm were proposed from these supplementary re£ections, which could not be indexed on a lamellar phase. Thus in order to obtain information on the structural basis of the isotropic component of lipid extracts from the plasma membranes of E. coli and A. laidlawii B, we performed a much more extensive X-ray di¡raction study. We clearly show here that the interaction of GS with these lipid extracts from natural bacterial membranes markedly enhances their tendencies to form non-lamellar isotropic phases, which could be identi¢ed as a bicontinuous cubic lipid phase.
Materials and methods

Peptides and lipids
The cyclic peptide gramicidin S (HCl salt) was obtained from Sigma (St. Louis, MO) and puri¢ed by the HPLC methodology described by Kondejewski et al. [4] . The A. laidlawii B membrane lipids used were the polar lipid extracts of cells grown in avidincontaining media supplemented with an equimolar mixture of palmitic and oleic acid. The polar lipid extracts were obtained by silicic acid chromatography of the total membrane lipid extracts [12] . E. coli total and polar lipid extracts were obtained from Avanti Polar Lipids (Alabaster, AL).
Sample preparation
Lipid^peptide mixtures (lipid^peptide molar ratio, R = 25) were prepared in glass tubes by codissolving the lipid extracts in chloroform/methanol (2:1 v/v) with appropriate amounts of GS stock solutions (chloroform/methanol 1:2 v/v) and subsequent evaporation of the solvent under a stream of nitrogen. After removal of any residual traces of solvent in vacuo overnight, the dried lipid or lipid^peptide ¢lms were hydrated by vigorous vortexing at 40³C with a bu¡er consisting of 50 mM Tris, 100 mM NaCl, 5 mM EDTA and 1 mM sodium azide (pH 7.4). The lipid concentration of the X-ray samples was 5^10 mg/100 Wl.
Small-and wide-angle X-ray (SWAX) experiments
SWAX di¡raction experiments were performed on a modi¢ed Kratky compact camera (HECUSMBraun-Graz, Graz, Austria), which allows simultaneous recording of di¡raction data in both the smalland wide-angle region, as described elsewhere [13] . Ni-¢ltered CuK K -radiation (V = 0.154 nm) originating from a Philips X-ray generator with a Cu-anode operating at 50 kV and 40 mA was used. The camera was equipped with a Peltier-controlled, variable-temperature cuvette (temperature precision = þ 0.1³C) and linear, one-dimensional, position-sensitive detectors OED 50-M (MBraun, Garching, Germany). Calibration in the small-angle region was performed with silver stearate and in the wide-angle region with p-bromo-benzoic acid standards, respectively. Temperature control and data acquisition was achieved by programmable temperature control equipment (MTC-2.0, HECUS-MBraun-Graz, Graz, Austria). A temperature cycle consisted of a ramp from 25 to 90³C and then back to 25³C in steps of 5³C. The samples were equilibrated at the respective temperatures for 10 min before sampling the X-ray diffractograms. Multiplexed exposure times of 2000 s for the small-angle and 1000 s for the wide-angle region were chosen.
Synchrotrone X-ray measurements were performed at the high-£ux Austrian SAXS beamline (station 5.2L) of the 2 GeV electron storage ring ELETTRA, Trieste [14] using the 8-keV X-rays which corresponds to a wavelength of 0.1542 nm. The samples were placed in Mark glass capillaries with a diameter of 1 mm, sealed and mounted in a rotating sample stage. The resolution range was from 20 to 2 nm and exposure times of 120 s were chosen. Di¡ractograms were recorded by means of a linear position-sensitive detector. While the rectangular slit geometry, de¢n-ing the pro¢le of the beam, of the SWAX camera in the laboratory yields X-ray di¡raction pattern convoluted with the beam pro¢le, this e¡ect is negligible at the SAXS beamline at ELETTRA. SAX-data arising from particle scattering were further analyzed by Indirect Fourier Transformation. In the case of £at particles, such as extended lamellar structures, where the axial thickness of the lamella is much smaller than its surface area, the one-dimensional distance distribution function p t (r) can be derived from the scattering data. This represents the autocorrelation function of the electron density normal to the bilayer plane, which yields information on the cross-bilayer distance between the electron-dense phosphate groups (d PÀP ), i.e. of the phosphate groups located in the opposing monolayers of the bilayer. Thereby, d PÀP can be determined from the position of the outer maximum of the p t (r)-function (see also Fig. 4a ). Brie£y, p t (r) were computed after background subtraction and normalization of the respective bu¡er blank curve and data-point reduction of the di¡erence curve by a funneling routine. Furthermore, the data were corrected for instrumental broadening by using the program ITP of Glatter [15] to yield desmeared data, which were interpreted in real space in terms of their pair distance distribution function [16, 17] .
Results
A. laidlawii B membrane lipid dispersions. Representative SWAX di¡raction patterns for aqueous dispersions of the membrane polar lipids derived from A. laidlawii B are shown in Fig. 2 . At temperatures between 5 and 15³C, the wide-angle di¡ractograms exhibit a single symmetric peak centered at 0.42 nm (s = 2.38 nm 31 ), whose scattering intensity decreases with increasing temperature, vanishing around 20³C (inset Fig. 2 ). Such a di¡raction pattern is characteristic of hexagonally packed all-trans lipid acyl chains oriented normal to the bilayer plane as observed for the lamellar gel (L L ) phase [18] . At temperatures above 20³C, only a di¡use pattern is detected, which demonstrates that all the lipid hydrocarbon chains are in a melted state, characteristic of the lamellar liquid-crystalline (L K ) phase. This L L to L K phase transition is also re£ected in the small-angle X-ray experiments (Fig. 2) . Below 20³C, these di¡racto-grams show two clearly resolvable re£ections superimposed upon a broad scattering background, while at 25³C, the di¡raction pattern is characterized by broad side maxima and minima. Moreover, a strong scattering intensity in the innermost part, i.e. at very low angles (s 6 0.05 nm 31 ), typical for particle scattering, is observed in this temperature range. This latter feature suggests the existence of unilamellar vesicles, most likely resulting from the high content of negatively charged lipids in this microbial lipid extract. On the other hand, the presence of two re£ections may be attributed to ¢rst-and second-order Bragg re£ections of a lamellar lattice of 11.3 nm, which suggests the existence of multilamellar vesicles as well. However, the broad re£ections are indicative that these liposomes have only a small number of lamellae [19] and/or exhibit a strong distortion of the long range order of the lattice [20] . In this temperature range, generally similar SWAX di¡raction patterns were obtained for mixtures of the A. laidlawii B membrane polar lipids with GS (R = 25) (Fig.  3 ). However, a closer inspection of the wide-angle di¡ractograms (inset Fig. 3 ) reveals a slightly smaller (V15%) integral peak intensity below 20³C as compared to the integral peak intensities of the polar lipids without GS. However, the peak position is not a¡ected. This is indicative of partially perturbed hydrocarbon side chains, suggesting an interaction of the peptide with some fraction of the lipids. Additionally, in the small-angle region of the GS-containing sample (Fig. 3) , a third Bragg re£ection is observed at 7.1 nm (s = 0.14 nm 31 ), residing between the two re£ections which are characteristic for the A. laidlawii B lipid extract, also indicating an interaction of the peptide with this lipid extract below the lamellar gel to liquid-crystalline phase transition region. The limited number of Bragg re£ections did not allow any assignment of a non-lamellar phase. On the other hand, these three Bragg re£ections cannot be attributed to one single lamellar phase either. As we are dealing with a complex lipid mixture here, the additional re£ection could arise from a stronger interaction of GS with the negatively charged lipids present [8] , which may give rise to a new lamellar structure.
Information on the cross-bilayer distance between the electron dense phosphate groups of the opposing lipid lea£ets was derived from the one-dimensional distance distribution function p t (r) as described in Section 2. Such functions are shown in Fig. 4 for lipid extracts of A. laidlawii B in the absence (panel a) and in the presence (panel b) of GS at 25³C. We ¢nd that in the presence of GS, d PÀP is reduced signi¢cantly by about 0.25 nm in the presence of the peptide, i.e. from 4.1 to 3.85 nm. Moreover, in the presence of GS, the outer maximum exhibits an asymmetry towards larger distances as well as a shoulder around 5.3 nm, which may be due to peptide being bound to the membrane surface.
Heating aqueous dispersions of A. laidlawii B membrane polar lipids up to 90³C reveals a second phase transition centered around 70³C (Fig. 5a) . Above 35³C the scattering intensity in the innermost part of the di¡ractogram (s 6 0.05 nm 31 ), as well as the intensity of the broad side maxima, decreases drastically. Concomitantly, the formation of Bragg re£ections is observed being superimposed upon the side maximum around 7 nm (s = 0.143 nm). These additional peaks increase in intensity with increasing temperature. This higher temperature phase shows a strong hysteresis upon subsequent cooling to 25³C and is stable upon repeated heating and cooling cycles, a common feature of three-dimensional isotropic phases. This new supramolecular phase seems to coexist with the lamellar phase under these experimental conditions, as evidenced by the broad background scattering and by the weak, but still signi¢-cant, side maxima at higher angles arising from the particle scattering. Our previous 31 P-NMR data also indicated a coexistence of an isotropic phase with a lamellar one in this same range of temperatures [9] . Sometimes, the resolution of the re£ections arising from such phases in the presence of the intrinsically stronger scattering from the lamellar phase can be di¤cult in a mixed phase system, even when the former is the dominant component in the mixture. However, we were able to unequivocally assign the existence of two cubic phases (Fig. 6) . The predominant one consists of up to eight orders of di¡raction space in the ratio of k2:k3:k4:k6:k8:k9:k10:k11 which were indexed as (110), (111), (200), (211), (220), (221), (310), and (311) re£ections on a threedimensional cubic phase of space group Pn3m. The reciprocal spacing (s) of cubic phases is related to the lattice spacing (a) by
where h, k, and l are the Miller indices [21] . Therefore, the lattice spacing can be calculated from the reciprocal gradient of the plot s vs. (h 2 +k 2 +l 2 ) 1a2 . From this plot a lattice spacing of 13.2 nm was calculated for the Pn3m phase (see inset Fig. 6 ). This value is in the same range as previously reported ones (12.5^14 nm) for lipids adopting the Pn3m or Pn3 space group [22] . A second cubic phase can be detected from additional weak re£ections which do not belong to the Pn3m space group. These re£ec-tions are in ratios of k2:k4:k6:k8:k10:k12:k14, which were indexed as (110), (200), (211), (220), (310), (222), and (321) re£ections on a three-dimensional cubic phase of space group Im3m (inset Fig. 6) . A lattice spacing of 18.9 nm was calculated. It should be noted that an assignment of other cubic phases failed. Coexisting Pn3m and Im3m phases were also reported from aqueous dispersions of dioleoylphosphatidylethanolamine (DOPE) which were cycled 1400 times through the L K -inverted hexagonal (H II ) phase transition range [23] . Moreover, for dielaidoyl PE a cooperative Im3mCPn3m transition was observed at elevated temperatures and transforms the latter phase into a mixture of coexisting Pn3m and Im3m phases [24] . Our results are also in accordance with observations by Sen et al. [25] , who reported the presence of Pn3m or Pn3 space groups for synthetic monoglucosyldiacylglycerol. Moreover, Lindblom and coworkers [26] recently characterized the phase behavior of single lipid components of A. laidlawii (strain A) by NMR and X-ray di¡raction. The strongest non-lamellar propensity was reported for monoglucosyldiacylglycerol and a monoacylmonoglucosyldiacylglycerol derivative, for which a Q phase of the space group Ia3d was assigned at 20 wt% of water in the sample. These ¢ndings are not in contradiction to our present results, but can be explained by the different levels of hydration studied, as Lindblom and Rilfors [27] presented experimental and theoretical evidence that the sequence of formation of di¡er-ent Q phases with increasing water content is Ia3dCPn3mCIm3m.
In the presence of GS (R = 25) the onset of Q phase formation is lowered by about 10³C as indicated by the ¢rst appearance of Bragg peaks (Fig.  5b) . More interestingly, the Bragg re£ections arising from the isotropic phase are less resolved as compared to the pure A. laidlawii B membrane polar lipids. In addition, the di¡ractograms for the lipidp eptide mixture are characterized by a much lower integral scattering intensity, as usually found for less ordered systems. An unequivocal assignment of the Bragg re£ections in respect of a Q phase is more di¤cult for this microbial lipid extract in the presence of GS owing to a lack of a su¤cient number of re£ections allowing unambiguous assignment. Nonetheless, a Q phase of the same symmetry as found for the peptide-free lipid can be deduced from the diffractogram obtained at 25³C. The lattice spacing of 12 nm is about 1 nm smaller as compared to the pure lipid mixture (Table 1) .
These X-ray di¡raction data support the ¢ndings of our earlier 31 P-NMR experiments, where the overall axially symmetric powder pattern was shown to remain the dominant feature of the 31 P-NMR spectrum upon heating the A. laidlawii B polar lipid extract to temperatures near 90³C [9] . However, a minor sharp component centered near 2 ppm down¢eld was also observed, suggesting that A. laidlawii B polar lipid extracts form non-lamellar phases at very high temperatures. The 31 P-NMR spectra of the mixture of A. laidlawii polar lipids with GS di¡ered signi¢cantly from those exhibited by the lipid extract alone at all temperatures above the L L /L K phase transition temperature, which is in accordance with the X-ray data. Speci¢cally, the up¢eld components of the 31 P-NMR powder patterns were considerably sharper than observed in the absence of the peptide, and the relative intensities of the down¢eld components of the powder pattern were smaller than is observed with the polar lipid extract alone. Finally, at temperatures near 90³C, the major feature of the 31 P-NMR spectrum of this lipid^GS mixture was a sharp peak centered near 2 ppm, suggesting that the interaction of GS with this particular mixture of lipids potentiates the formation of non-lamellar phases.
E. coli membrane lipid dispersions
Wide-angle X-ray di¡raction patterns of polar membrane lipid extracts from E. coli are characterized by a di¡use re£ection (data not shown), demonstrating that the hydrocarbon chains are in a melted state in the temperature range investigated (5^90³C). The small-angle X-ray data are typical for particle scattering as deduced from the broad intensive side maxima at 6.9 nm (s = 0.14 nm 31 ) and very weak side maxima at 2.1 nm (0.48 nm 31 ) and 1.4 nm (0.71 nm 31 ) (25³C). Above 70³C, the intensity of the side maxima decreases strongly and the onset of Bragg re£ections is detectable between 85 and 90³C, which are clearly resolved upon cooling (Fig. 7a) . Indexing of these Bragg re£ections again revealed that the newly formed lipid structures belong to the Pn3m and Im3m space group (Fig. 8) characterized by lattice spacings of 15.3 (Table 1 ) and 18.3 nm, respectively. Interestingly, the (110) re£ection of both Q phases exhibited similar peak intensities suggesting that in the case of E. coli polar lipid extract, a larger fraction of Im3m as compared to A. laidlawii B lipid extract does occur. Although the respective Bragg re£ections increase in intensity upon cooling, broad side maxima and minima are still observed, again indicating the coexistence of a Q phase with a lamellar lipid phase. This observation is in accordance with our 31 P-NMR data [9] , showing that above 657 5³C E. coli lipids exhibit axially symmetric 31 P-NMR powder patterns typical of the lamellar liquid-crystalline phase coexisting with an isotropic component, which indicates non-lamellar phase formation.
Similar di¡raction patterns were obtained for mixtures of E. coli membrane polar lipids and GS (R = 25) (Fig. 7b) . However, the peptide decreases strongly the onset of non-lamellar phase formation by about 25³C. Phase assignment revealed the presence of the same two cubic phases as found for the pure E. coli polar lipid extract (Fig. 8) . However, the Im3m phase represents only a minor fraction. In addition, a signi¢cant reduction of the Pn3m cubic lattice is observed in the presence of the peptide as deduced from the smaller lattice spacing parameter of 14.3 nm at 25³C after the ¢rst temperature cycling (Fig. 8, Table 1 ), which was less pronounced for the Im3m phase (lattice spacing of 18.0 nm). This is again in agreement with our recent 31 P-NMR data, which showed a comparable decrease of the onset temperature of the non-lamellar phase formation [9] . Once formed at high temperatures, these structures form a stable and transparent gel inside the X-ray capillary. Long-lived Q phases were also reported for phosphatidylethanolamines when they were cycled through temperatures bracketing L K /H II phase transition range [28, 29] . However, the seemingly stable Q phases formed under such conditions are believed to be metastable structures which have been kinetically trapped by rapid cycling through the L K /H II phase transition [28] . One-dimensional distance distribution functions p t (r) were also determined for these samples to gain information on the bilayer structure. Again, as already observed for A. laidlawii B, the cross-bilayer distance between the phosphate groups of the opposing monolayers is diminished in the presence of the peptide from 3.9 to 3.7 nm. Finally, the SAX pattern of aqueous dispersions of E. coli membrane total lipids in the presence and absence of GS closely resembled that from the polar lipid extract. For these samples, both conventional and Synchrotrone X-ray radiation experiments were carried out yielding identical results. In contrast to E. coli membrane polar lipids, the onset of Q phase formation was already found between 40 and 45³C, which was further reduced in the presence of the peptide. In the latter case, Bragg re£ections were already observed at 25³C. Phase assignment is shown for the SAX di¡raction patterns recorded from Synchrotrone experiments at 25³C after the ¢rst heating/ cooling cycle using rotating X-ray capillaries (Figs. 9  and 10 ). The relatively large number of Bragg re£ec-tions allowed an unequivocal phase assignment (inset Figs. 9 and 10). Again it was found that the lattice spacing of the Pn3m phase decreased in the presence of GS from 14.9 to 13.4 nm (Table 1) . Moreover, from these di¡ractograms it is evident that the coexisting Im3m phase only represents a minor fraction. Lattice spacings of 19.5 and 17.2 nm were calculated from the reciprocal gradient of s vs. (h 2 +k 2 +l 2 ) 1a2 in the absence and presence of the peptide (inset in Figs. 9 and 10) . Our results are in excellent agreement with data from Morein et al. [30] who studied lipid extracts of the inner membrane as well as an extract of the total lipids from both the inner and the outer membrane of E. coli and characterized their phase behavior by NMR spectroscopy. Under varying conditions, they found both H II and isotropic phase formation. Furthermore, they also investigated by X-ray di¡raction the total membrane lipid extracts of E. coli K12 grown at 17³C and found that the isotropic phase belonged to the Pn3m space group with a lattice spacing of 14.8 nm.
Discussion
Although the maintenance of stable lamellar structures is essential to normal membrane function, it is well known that cell membranes contain substantial quantities of so-called`non-lamellar' phase-forming lipids. The importance of the proper balance between lamellar and non-lamellar phase-forming lipids has been widely discussed [31^34] . The presence of the latter signi¢cantly increases membrane monolayer curvature stress, thereby conferring upon cell membranes a degree of non-lamellar-forming propensity. This is believed to be essential for normal membrane function (for discussions of the probable biological roles of non-lamellar phase-forming lipids, see e.g.
[35^37]). The X-ray study presented here clearly demonstrates that vesicles, which are formed at room temperature from lipid extracts of the plasma membrane of A. laidlawii B or E. coli, are prone to the formation of three-dimensionally ordered structures. Speci¢cally, inverted cubic lipid phases of the space group Pn3m and Im3m are formed upon heating the lipid extracts and, once formed, these phases persist upon cooling to physiologically relevant temperatures. Unequivocal phase assignment of cubic phases strongly depends on the number of re£ections observed. This requirement was met for the Pn3m phase. On the other hand, the Im3m space group di¡er from the Pn3n space group only at the 11th re£ection, which corresponds to the k22 re£ection of the former phase and to the k21 re£ection of the latter [38] . In the case of A. laidlawii B membrane lipids, this re£ection could not be resolved clearly with our experimental setup. However, the lattice spacing ratio of 1.29 þ 0.1 found for our systems (Table 1) is close to the value of 1.28, a theoretical value which is expected when both inverse bicontinuous cubic phases are in equilibrium in excess water [39] . The interaction of GS with these lipid extracts promotes the formation of these isotropic phases as evidenced by decreasing the temperature of the onset of this Q phase formation. The combination of X-ray di¡raction (present study) and 31 P-NMR spectroscopic data [9] acquired with these microbial lipid extracts is consistent with the existence of a polydomain structure in which a lamellar phase coexists with a three-dimensionally ordered phase, i.e. an inverted Q phase.
A recent study has shown that alamethicin is also able to induce the formation of an inverted cubic phase of the same space group (Pn3m) in dielaidoyl PE bilayers, which coexists with the H II phase [40] . It was suggested that alamethicin may induce such phases by changing the thickness and/or £exibility of the lipid bilayer. This suggestion is supported by the observation that adsorption of alamethicin onto diphytanoyl PC bilayer causes bilayer thinning, thereby inducing chain disorder over a large area [41, 42] . Furthermore, it was shown that magainin behaves in many aspects similar to alamethicin, causing membrane thinning in PC/PS bilayers below the critical concentration for peptide insertion [43] , which roughly correlates with the concentration required for cytolytic activity [44] . Very recently, Heller et al. [45] demonstrated that the L-sheet antimicrobial peptide protegrin-1 also decreases the thickness of diphytanoyl PC bilayers. Huang and coworkers proposed that the decrease of bilayer thickness is compensated by an increase of the hydrophobic cross-sectional area of the lipid acyl chains. This would also be consistent with the smaller cross-bilayer distances of the phosphate groups found for the GS^lipid mixtures in this study. In case of e.g. phosphatidylethanolamine, a major phospholipid component of the E. coli lipid extracts, this lateral expansion will further enhance the mismatch between the cross-sectional areas of the smaller, more strongly interacting headgroups and hydrocarbon side chains, inducing the lipid monolayer to curl. Although there are di¡erent molecular mechanisms that may lead to formation of non-lamellar phases by amphipathic peptides, a signi¢cant increase in monolayer curvature stress is likely to be of major importance (for review see e.g. [46, 47] ), and may well be key to their membrane-disruptive properties (see below). However, it is important to note that other antimicrobial peptides like magainin [48, 49] or mastoparan [50] , as well as hemolytic peptides, such as Nlysin [51] , impose`positive' curvature strain on nonlamellar-prone phospholipids, thereby destabilizing the bilayer structure and hence perturbing membrane integrity by di¡erent mechanisms, such as forming pores or exhibiting detergent-like action [47] .
Our observations, however, clearly indicate that GS may disrupt the structural integrity of lipid membranes by promoting the formation of inverted (type II) non-lamellar lipid phases. We suggest that the limited £exibility of the L-turn of GS, in particular when exposed to di¡erent environmental conditions, as well as the clustered location of the ornithine side chains, might facilitate an accommodation of the peptide in the lipid membrane that favors Q phase formation. Moreover, the fact that the peptide-containing Q phases exhibit smaller lattice spacings than found for the pure lipid extracts further supports the idea that GS destabilizes the bilayer by increasing the membrane curvature stress. A similar observation was reported from X-ray di¡raction studies, which showed that the lattice parameter of the inverse hexagonal phase in the presence of the fusion peptide of simian immunode¢ciency virus (SIV) was slightly less as compared to the peptide-free lipid system [52] . These authors demonstrated that peptides resembling the N-terminus of the SIV fusion peptide only exhibited fusogenic activity when capable of inducing negative curvature stress in a set of three di¡erent PE matrices. In contrast, a peptide of the same amino acid composition, but an altered sequence, induced positive curvature stress and was thus not fusogenic. In addition, a variety of amphiphilic peptides or proteins that raised the L K /H II phase transition temperature were shown to be inhibitors of viral fusion [53] . The potential of GS to facilitate or induce phase changes that can lead to fusion was described by Legendre and Szoka [54] , who showed that a 1:1 complex of GS and DNA was mixed with a H II phase-competent phosphatidylethanolamine and successfully used for cell transfection [55, 56] . The active involvement of transient lipid rearrangements in membrane fusion was previously proposed by Siegel [57, 58] . These observations are in agreement with data described and discussed in this paper and o¡er intriguing interpretations for the biological activity of GS.
That the membrane-disrupting capacity of GS may actually be a function of the non-lamellar phaseforming propensity of the target cell membrane has some interesting implications for the mechanism of action of this peptide. The non-lamellar-forming propensities of lipid bilayers are largely determined by their monolayer curvature stress [59, 60] , which in our case will be di¡erent for each lipid or mixtures thereof. Nevertheless, given that GS promotes the formation of highly curved structures, such as Q phases when it interacts with lipid bilayers, we can conclude that the monolayer curvature stress in bilayers derived from lipid^GS mixtures signi¢cantly exceeds that which occurs in the corresponding peptide-free membrane. We suggest that the occurrence of localized domains of high curvature stress are probably key to the cytolytic activities of GS. This is because defects occurring at the boundaries of these domains may function as sites through which the leakage of cellular contents may either occur. Moreover, be-cause of the localized e¡ects of such lipid^peptide interaction, these defects may begin to accumulate at low peptide-to-lipid molar ratios and will be maximal when the intrinsic monolayer curvature stress of the membrane is high or when large disparities between the curvature stresses in peptide-rich and peptide-poor membrane domains exist. Therefore, one can envisage how the degradation of membrane barrier properties and other forms of membrane destabilization can readily occur once the number of such defects exceeds some critical value.
Previous work has also shown that GS promotes the release of small phospholipid particles from E. coli and it was suggested that this process may be responsible for the leakage of intracellular components and, ultimately, cell death [61^63] . It was also demonstrated that marked changes in cell morphology occur when GS binds to the erythrocyte membrane [62] . The results of these studies are all compatible with our suggestion of GS induced membrane destabilization being mediated by highly localized domains of high membrane monolayer curvature stress. Another aspect of this suggestion is that the probability of signi¢cant peptide-induced membrane disruption should increase with the increases in the intrinsic curvature stress of the membrane. Since signi¢cant amounts of non-lamellar phase-forming lipids are present in virtually all cell membranes, it follows that all membranes should be susceptible to disruption by GS, though their susceptibility to its action should vary with amount of non-lamellar phase-forming lipids present as well as their intrinsic non-lamellar-forming propensity.
In conclusion, our data suggests that GS has considerable potential for destabilizing lipid bilayers with respect to highly curved and/or inverted nonlamellar phases. It should also be noted that unlike mammalian membranes, glycolipids are the predominant structural components of A. laidlawii B membranes. Interestingly, the ¢rst micellar-preferring bacterial membrane lipid has also been described in this mycoplasma, namely glycerylphosphoryldiglucosyldiacylglycerol [64] . Diglucosyldiacylglycerol and phosphatidylglycerol, the other major lipid component of the A. laidlawii B membrane, were shown to form only lamellar phases in the temperature range of 5^80³C, whereas monoglucosyldiacylglycerol exists in a lamellar phase at lower temperatures, but does form non-lamellar phases at higher temperatures [25, 26, 33] . The ¢nding from a recent monolayer study, that the lipid mixture of A. laidlawii A pack more closely than the individual components, further emphasizes the capability of such lipid mixtures to form non-lamellar structures owing to supposedly increased hydrogen bonding between the polar head group of PG and the sugar groups of the glycolipids [65] . While FTIR data suggest moderate interaction of GS with single glycolipids [66] , stronger interaction with phosphatidylglycerol has been reported [67] . Nevertheless, the demonstration that GS can promote the formation of non-lamellar phases in these membranes indicates that this property is not limited to phospholipid-based lipid bilayers. We note that the suggestion that the cytolytic activities of GS may actually be directed at the nonlamellar phase-forming tendencies of its membrane targets does not rule out the possibility that electrostatic interactions between the basic residues of GS and the negatively charged phosphate groups of phospholipid molecules may initiate or otherwise facilitate lipid^GS interactions. The basic residues of GS seem to be intimately linked to its antimicrobial activity (see [2, 5, 68, 69] ) and negatively charged lipids form a signi¢cant fraction of virtually all bacterial cell membranes. Thus, it seems likely that at the very least, electrostatic interactions between the basic residues of GS and negatively charged moieties at the surfaces of cell membranes may promote antibiotic activity through the kinetic facilitation of lipid^pep-tide interaction. Moreover, we have recently shown that the presence of cholesterol reduces the interactions of GS with PC model membranes and reduces the propensity of GS to induce inverted non-lamellar phases in PE model membranes [70] . We also note that the mechanism proposed above neither implies nor requires the actual formation of cubic phases under the conditions where the cytolytic activity of GS is commonly observed. The amount of GS required in our experiments to detect signi¢cant Q phase formation may exceed that which was reported for antibiotic and hemolytic activities (for examples of the latter, see [4, 5] and references cited therein). However, the formation of Q phases or other threedimensionally ordered structures can provide valuable information about the general mechanism of action of this antimicrobial peptide. This, in turn, may be helpful for the development of more speci¢c and potent GS derivatives.
